A joint experimental and theoretical investigation of the spin 1/2 system Cu 2 ͑PO 3 ͒ 2 CH 2 suggests a description of this compound as coupled alternating antiferromagnetic Heisenberg chains. Magnetic susceptibility, specific heat, nuclear magnetic resonance, nuclear quadrupole resonance, and high-field magnetization measurements evidence a spin gap of about 25 K. Surprisingly, the leading antiferromagnetic exchange of about 75 K can be assigned by density-functional band-structure calculations to a coupling between the structural Cu 2 O 6 dimers, whereas the coupling within these dimers is strongly reduced due to sizable ferromagnetic contributions. The coupling within the structural dimers competes with a number of long-range couplings. The present available experimental data can be consistently described in a scenario of coupled alternating chains. The proposed model should be considered as a minimal model for an appropriate description of this compound.
I. INTRODUCTION
Due to their large variety of unprecedented exotic ground states, low-dimensional magnetic compounds have always attracted great interest in solid-state physics and chemistry. For low dimensions and spin 1/2, the influence of quantum fluctuations becomes crucial for the ground state of the system. The role of quantum fluctuations is even more pronounced if the system under consideration exhibits strongly frustrated interactions. In general, the frustration can raise from purely geometrically frustrated lattices such as triangular and Kagomé lattices or from competing inequivalent interactions like in quasi-one-dimensional ͑quasi-1D͒ chains with sizable antiferromagnetic ͑AFM͒ second-neighbor interactions. It is obvious that the crystal structure of a compound is the key for the understanding of its magnetic properties. On the other hand, it is far from trivial to derive the appropriate magnetic model just from structural considerations. The results of such an analysis may be completely misleading as was the case for the system ͑VO͒ 2 P 2 O 7 . 1,2
Even careful interpretations based on accurate experimental data, but within a limited spectrum of methods, have suggested controversially debated magnetic models for several compounds in the recent years. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The difficulty to establish the correct magnetic model and to estimate its relevant exchange parameters unambiguously is often connected to internal symmetries of the model itself. Due to such symmetries, experimental data can be fitted with different sets of parameters belonging to essentially different regions in the phase diagram. Prominent representatives for this problem are, for instance, the J 1 -J 2 chain compound LiCu 2 O 2 ͑Refs. 6-9͒ or the frustrated square-lattice system Li 2 VOSiO 4 . [3] [4] [5] These controversies underline the importance of applying different independent methods to establish the correct magnetic model for a new material. In particular, the search for the proper magnetic model can largely benefit from the combination of various experimental methods with a detailed microscopic analysis based on modern band-structure theory. [10] [11] [12] In the present paper, we demonstrate that such a combination of independent methods leads to a consistent physical picture even for a material with a rather complex crystal structure including ͑i͒ local distortion around the magnetic sites, ͑ii͒ competing ferromagnetic ͑FM͒ and antiferromagnetic interactions due to the vicinity of the Cu-O-Cu bond angle to 90°, and ͑iii͒ numerous inequivalent superexchange pathways. We apply nuclear magnetic resonance ͑NMR͒ and nuclear quadrupole resonance ͑NQR͒ spectroscopy, magnetic susceptibility, specific-heat, and high-field magnetization measurements together with extensive electronic structure calculations for the recently studied spin 1/2 compound Cu 2 ͑PO 3 ͒ 2 CH 2 ͑Ref. 13͒ to answer the question whether the structural dimers in this material should be considered as magnetic dimers and lead to a spin model of weakly coupled dimers.
The crystal structure of Cu 2 ͑PO 3 ͒ 2 CH 2 contains pairs of strongly distorted edge-sharing CuO 4 plaquettes connected with each other by PO 3 CH 2 PO 3 units ͑Fig. 1͒. These structural Cu 2 O 6 dimers with Cu-O-Cu bond angles of 101°and 94°form chains along the crystallographic b direction. Regarding the dimers and their arrangement, the crystal structure of Cu 2 ͑PO 3 ͒ 2 CH 2 strongly resembles the compounds Na 3 Cu 2 SbO 6 and Na 2 Cu 2 TeO 6 which have been discussed recently as quasi-1D alternating chain materials. [14] [15] [16] However, up to now no consensus is obtained with respect to the nature of the alternating couplings in these compounds. This emphasizes the above-mentioned importance of a versatile approach.
The presented joint experimental and theoretical study of Cu 2 ͑PO 3 ͒ 2 CH 2 yields a picture of coupled alternating chains. These alternating chains are formed by weakly coupled magnetic dimers, which surprisingly do not coincide with the structural dimers as one may expect in a naive approach.
Such a difference between structural and magnetic dimers was already observed in VO͑HPO 4 ͒ ·H 2 O. 17 
II. METHODS

A. Experiments
Cu 2 ͑PO 3 ͒ 2 CH 2 has been prepared under mild hydrothermal conditions at 433 K from a mixture of Cu͑CH 3 COO͒ 2 ·H 2 O ͑2.0 g, 10 mmol͒, H 3 BO 3 ͑0.62 g, 10 mmol͒, and methylenediphonic acid ͑1.76 g, 10 mmol͒ with a molar ratio of 1:1:1. At first, the mixture was dissolved in 10 ml H 2 O and stirred at 333 K for 2 h; then the resulting clear green solution was transferred into a 25 ml Teflon autoclave ͑degree of filling: 70%͒ and held at 433 K for 5 days under autogenous pressure. Finally, crystals of Cu 2 ͑PO 3 ͒ 2 CH 2 were filtered, washed with deionized water and dried at 333 K in air.
The crystal structure was determined by x-ray diffraction to be within the orthorhombic Pnma group with the lattice parameters a = 13.696͑2͒ Å, b = 8.0103͑13͒ Å, and c = 4.9034͑7͒ Å. The refined lattice parameters and Wykhoff positions are in reasonable agreement with earlier studies. 13, 18 The magnetization of the compound ͑small light-brown colored crystals͒ was measured in a superconducting quantum interference device ͑SQUID͒ magnetometer ͑MPMS XL-7, Quantum Design͒ in magnetic fields 0 H between 0.01 and 7 T ͑T = 1.8-400 K͒.
High-field magnetization measurements were carried out at the Dresden High Magnetic Field Laboratory ͑HLD͒ in pulsed fields up to 60 T with a typical pulse duration of 50 ms. A high precision pick-up coil device 19 was used, mounted in a 4 He-flow cryostat. A powdered sample of several milligrams was measured at the lowest available temperature of 1.5 K.
The heat capacity was determined by a relaxation-type method ͑PPMS, Quantum Design͒ in magnetic fields up to 0 H = 9 T ͑T = 1.8-320 K͒ on four larger crystal aggregates ͑m = 6.632 mg͒. The NMR measurements were performed with a conventional pulsed NMR spectrometer ͑Tecmag Apollo͒ in the temperature range 1.8-200 K. 31 P NMR spectra were obtained by Fourier transformation of a half of the spin echo in external magnetic field of 4.093 T.
63,65 Cu NQR spectra were measured both by Fourier transform and pointby-point frequency step methods.
63 Cu spin-lattice-relaxation data were obtained by the saturation recovery method.
B. Calculations
For the electronic band-structure calculations a fullpotential nonorthogonal local-orbital ͑FPLO͒ minimum-basis scheme within the local-density approximation was used. 20 To treat the short C-H distance ͑0.96 Å͒ the version FPLO6.00-24, with its double numerical basis for the valence states was used. In the scalar relativistic calculation the exchange and correlation functional of Perdew and Wang has been applied. 21 To study the magnetic properties of the system we mapped the local ͑spin͒ density approximation ͓L͑S͒DA͔ band structure onto an effective one-band tight-binding ͑TB͒ model based on Cu-site centered Wannier functions. Strong correlations were included by mapping the TB model onto a Hubbard model and subsequently onto a Heisenberg model. In addition, LSDA+ U ͑Ref. 22͒ calculations of supercells with various collinear spin arrangements have been carried out. To approximate the strong Coulomb repulsion at the Cu 3d orbitals in a mean field way a Coulomb parameter U d = 6.0-7.5 eV and an onsite exchange J = 1 eV were used within the around-mean-field double-counting scheme. 23 To calculate the electric field gradient ͑EFG͒, we used the recently implemented EFG module for the FPLO code 24, 25 within the LDA and LSDA+ U approximations in a wide range of U d ͑U d = 3.5-7.5 eV͒.
Quantum Monte Carlo ͑QMC͒ simulations were performed on a cluster of N = 480 spins S =1/ 2 ͑12 coupled chains of 40 sites each͒ using the ALPS code. 26 To diminish statistical errors, we used 150 000 sweeps for thermalization and 1 500 000 sweeps after thermalization in the temperature range T / J = 0.03-5.
III. RESULTS AND DISCUSSION
A. Magnetic susceptibility and specific heat
The magnetic susceptibility ͑Fig. 2͒ shows a broad maximum at 45 K and a Curie-Weiss-type decrease at high temperatures. This behavior is not changed by the variation of the external field. A Curie-Weiss fit ͑range 120-400 K; full 13 Due to the edge sharing of two neighboring CuO 4 coordination tetrahedra, these Cu 2 O 6 units can be described as structural dimers. Therefore, one may assume that these magnetic species also behave as magnetic dimers with dominant Cu-O-Cu exchange paths via the two O species. A fit of ͑T͒ with the Bleaney-Bowers model, 27 including a Curie term C / T for the defects and a constant 0 , was attempted ͑dashed line in Fig. 2͒ . It results in a very low g-factor and J Ϸ −35 K, but it definitively does not describe the data. Thus, a less obvious magnetic exchange model is realized in Cu 2 ͑PO 3 ͒ 2 CH 2 . Further fits of the data are shown in Sec. III D ͑see Fig. 13͒ .
The molar specific heat is given in Fig. 3 . There is no visible anomaly as an indication of a long-range magnetic order, but c p ͑T͒ is dominated by a broad Schottky-type anomaly with maximum at about 20 K in c p / T, which is probably due to thermal excitation over the spin gap. The determination of the lattice and magnetic contribution to c p ͑T͒ of this compound is problematic without a proper lattice reference compound. The field dependence of c p / T ͑in-set of Fig. 3͒ is quite small. The entropy, shifted due to the application of our maximum magnetic field ͑9 T͒, yields less than 2% of the total magnetic entropy of 2R ln 2.
B.
P NMR Knight shift
Above T c Ϸ 10 K the 31 P NMR spectra consist of two distinct peaks, which are due to two nonequivalent crystallographic P sites ͑Fig. 4 and compare Fig. 1͒ . At low temperatures these peaks can be approximated by Gaussian lines with almost equal integral intensity, reflecting equal occupation factors of the P sites. At high temperatures the integral intensities of the two 31 P NMR signals are different which could be ascribed to a T 2 effect: due to the complicated Cu-O-Cu and Cu-O-P-O-Cu superexchange interaction paths ͑see below͒, the 31 P spin-spin relaxation time T 2 at the two P sites is not equivalent. Dissimilar T 2 values result in different spin-echo intensities for the two P sites at fixed pulse separation time. Since the 31 P spin-lattice relaxation rate 31 ͑1 / T 1 ͒ decreases exponentially with temperature, this effect vanishes at low temperatures. Below about 10 K both peaks become indistinguishable ͑Figs. 4 and 5͒. Since the two peaks of the 31 temperature dependence of the line shift, the right ͑high-frequency͒ peak was used for the data evaluation. The temperature dependence of the Knight shift, K͑T͒, is typical for low-dimensional systems, exhibiting a broad maxima at 40-50 K and a rapid decrease at low temperatures ͑Fig. 5͒. Such behavior is a clear evidence for a singlet ground state with a gap in the magnetic excitation spectrum.
The line shift K as a function of temperature for the right signal is shown in Fig. 5 . In general, the total observed shift K can be decomposed into a temperature-independent orbital contribution K orb and a spin term K spin . Therefore, for each 31 P NMR line one can write
where A hf1 and A hf2 are the hyperfine coupling constants. Since the temperature-dependent component of the line shift is proportional to the spin part of the magnetic susceptibility, it enables us to avoid the impurity upturn observed at low temperatures in the bulk magnetic susceptibility measurements ͓see . For this procedure the lowtemperature impurity Curie-type upturn was subtracted from the ͑T͒ data. The resulting higher hyperfine value A hf2 of the right ͑high-frequency͒ 31 P NMR signal is consistent with the shorter T 2 value of this line and causes its smaller integral intensity at high temperatures.
A fit of the K͑T͒ dependence within a simple dimer model showed large systematic deviations from the experimental data, as already seen for the bulk susceptibility data ͑Fig. 2͒. Therefore, a magnetic dimer model assuming essentially isolated structural Cu dimers can be ruled out.
C. 63,65 Cu NQR
The NQR spectrum of 63,65 Cu in Cu 2 ͑PO 3 ͒ 2 CH 2 at 4.2 K is shown in Fig. 6 . The ratio of the resonance frequencies ͑56.85 and 52.60 MHz͒ and the intensities of the lines correlate well with the ratio of the quadrupole moments and the natural abundance for 63 Cu and 65 Cu isotopes, respectively. The striking features of the observed NQR spectrum are the very high values of the 63,65 Cu quadrupole frequency in Cu 2 ͑PO 3 ͒ 2 CH 2 in comparison to NQR frequencies of known cuprates. 28, 29 The quadrupole frequency is composed of two terms
where on-site is the valence contribution caused by the incomplete filling of the 3d electronic shell of Cu, ion is the contribution from the surrounding ions assuming their formal valencies, and ͑1− ␥ ϱ ͒ is the Sternheimer factor taking into account the polarization of the inner Cu shells by the ionic EFG. It is known that one hole in the 3d x 2 −y 2 orbital ͑3d 9 ͒, the electronic configuration of the magnetic Cu 2+ ion, gives on-site ͑3d 9 ͒ = −117.1 MHz. 30 Considering the strong distortion of the CuO 4 plaquettes we expect a sizable admixture of all 3d orbitals to the magnetically active state, resulting in their strong on-site contribution to the NQR frequency.
The nuclear spin-lattice relaxation ͑SLR͒ provides one of the most crucial tests for any theoretical model of spin fluctuations since it probes the fluctuations of the hyperfine field at the nuclear site. The nuclear SLR measurements were performed on the 63 Cu isotope. The temperature dependence of the 63 Cu SLR rate 63 ͑1 / T 1 ͒ was obtained in the temperature range 2-20 K ͑see inset in Fig. 6͒ . The SLR seems to be the sum of two processes: ͑i͒ an activation process, which freezes out at low temperatures and ͑ii͒ temperature-independent quantum spin fluctuations. Above 4 K the 63 ͑1 / T 1 ͒ exhibits an activation 63 Cu SLR rate are observed below 4 K where the thermal spin excitations across the gap are essentially frozen and therefore the activated spin-lattice-relaxation mechanism is vanishing. This is seen in the inset in Fig. 6 , where the solid curve corresponding to the ͑thermal͒ activation law drops below the experimental 1 / T 1 data points at temperatures T Ͻ 3 K. Therefore, only quantum spin fluctuations contribute essentially to 1 / T 1 at low temperatures. 31 A finite SLR behavior at low temperatures was theoretically estimated and experimentally observed by Ehrenfreund et al. 32 for organic spin-1/2 Heisenberg 1D antiferromagnets. Later, Sachdev 33 determined the temperature dependence of the nuclear SLR 1 / T 1 for half-integer spin chains for k B T / J Ӷ 1 as 1 / T 1 = const. Quantum Monte Carlo calculations by Sandvik 34 support these results for the lowtemperature limit. The SLR rate, in general, is affected by both uniform ͑at wave vector q =0͒ and on-site staggered spin fluctuations at q = Ϯ / a. The uniform component leads to 1 / T 1 ϳ T and is negligible at T → 0, while the staggered component gives 1 / T 1 = const. and dominates at low temperatures. 33 Almost temperature-independent Cu nuclear SLR was observed experimentally by Ishida et al. 35 in the linear spin-chain compound Ca 2 CuO 3 . Recently, a comparable SLR on Cu was experimentally observed for the inorganic compound CuSiO 3 , isostructural to the Spin-Peierls system CuGeO 3 , 36 as well for 31 P SLR in Sr 2 Cu͑PO 4 ͒ 2 and Ba 2 Cu͑PO 4 ͒ 2 . 37 For Cu 2 ͑PO 3 ͒ 2 CH 2 a similar SLR behavior is found, but could be caused, as suggested by the band-structure calculations ͑see next section͒, by a more three-dimensional exchange scenario in connection with sizable magnetic frustration as the origin of nonfreezing quantum spin fluctuations. The latter scenario is supported by a slight deviation of the low-temperature 1 / T 1 data from a constant value toward a power-law 1 / T 1 ϳ T n with 0 Ͻ n Ͻ 1 ͑see inset in Fig. 6͒ .
D. Microscopic modeling
Band-structure calculations-LDA
To get microscopic insight into the electronic structure, the relevant orbitals and main interaction paths, densityfunctional band-structure calculations were carried out. In Fig. 7 the total and atom-resolved density of states ͑DOS͒ are shown. The valence band of Cu 2 ͑PO 3 ͒ 2 CH 2 has a width of about 10 eV and splits in clearly separated parts, which can be assigned to the states of the different structural building blocks. Between −5 and 1 eV the states are dominated by the CuO-plaquette states. The lower lying states between −5 and −7.5 eV and between −8 and −10 eV originate mainly from PO 3 and CH 2 contributions. The contributions of P, C, and H states in the energy range from −1 to 0.4 eV are negligible.
Typical for undoped cuprates, we find metallic behavior as the antibonding Cu-O related bands cross the Fermi level. The metallic behavior is in contradiction with the insulating behavior concluded from the transparent light-brown color of the sample. This discrepancy is a typical shortcoming of the LDA calculations due to the well-known underestimation of the strong Cu 3d correlation. Adding the missing correlations in a mean-fieldlike approach using the LSDA+ U scheme or mapping the LDA bands onto an effective tight-binding model and subsequently onto a Hubbard and a Heisenberg model restores the insulating properties.
Most important for our study are the antibonding Cu-O dp states as they are responsible for the magnetic properties of the system. In many cuprate systems with planar or quasiplanar Cu-O coordination 38, 39 these states are well separated from the lower lying states of the valence band. In these cases, the derivation of the relevant effective TB model is rather simple. However, in Cu 2 ͑PO 3 ͒ 2 CH 2 the situation is more complex: the separated band complex above −1 eV ͑see Figs. 7 and 8͒ contains 24 bands instead of the expected 8 antibonding bands according to 8 Cu atoms per unit cell. Although the Cu-O dp states dominate the higher lying bands ͑between −0.4 and 0.4 eV, see upper panel of Fig. 8͒ , they show a sizable mixing with the nonbonding bands at lower energies. This can also be seen from the orbital-resolved DOS ͑see Fig. 7͒ where the Cu and O dp states spread out to lower energies and, at the same time, the highest antibonding bands show a corresponding admixture of other Cu and O orbitals. The underlying reason for the unusually strong admixture of nonplanar orbitals is the rather strong distortion of the CuO 4 plaquettes which even renders the assignment of the Cu-O dp states a bit ambiguous.
To remove the ambiguity in the selection of the relevant bands applying a least-squares TB fit procedure, we calculate the TB model parameters from the calculated Wannier func- tions ͑see Fig. 9͒ . In Fig. 8 ͑lower panel͒, the resulting TB bands ͑blue͒ are presented together with the LDA band structure ͑gray͒. In line with the above-mentioned hybridization, the higher lying TB bands agree quite well with the underlying LDA bands, whereas a sizable deviation is observed at lower energies. With a resulting bandwidth of about 1 eV for the effective one-band model, Cu 2 ͑PO 3 ͒ 2 CH 2 shows a rather typical value compared to related compounds with isolated CuO 4 plaquettes as Sr 2 Cu͑PO 4 ͒ 2 ͓bandwidth w ϳ 0.7 eV ͑Ref. 38͔͒, Bi 2 CuO 4 ͓w ϳ 1 eV ͑Ref. 39͔͒ or the dimer-chain compound Na 3 Cu 2 SbO 6 ͓w ϳ 0.7 eV ͑Refs. 15 and 40͔͒. On the other hand, one should keep in mind that, despite the rather good matching of the TB model to the LDA bands, the accuracy of an effective one-band model is limited due to the sizable hybridization with other Cu-O orbitals not included in this model. Although, in principle, the agreement of the TB bands with the LDA calculation could be improved by an extension to a multiband model, we restrict our investigation to an effective one-band approach for the sake of simplicity and easy interpretation.
The resulting leading hopping integrals t i from the Wannier-function-based TB model are pictured in Fig. 10 . We find a clear regime of interactions where the leading transfer terms are the nearest-neighbor ͑NN͒ intradimer hopping t 1a = 103 meV and the NN interdimer hopping t 1b = 92 meV along the dimer chain direction. In addition, smaller interdimer couplings of the order of 50 meV perpendicular to the dimer chain with partial frustrating character are obtained. Due to the low symmetry of the distorted plaquette network ͑different orientation of the plaquettes͒, several only slightly different hopping terms are obtained. For simplification, they can be represented by the effective ͑averaged͒ parameters t i in good approximation ͑see Fig. 10͒ .
Considering only the low-lying spin excitations, the obtained transfer integrals can be further mapped via a Hubbard to a Heisenberg model
were the exchange integrals are obtained according to J ij =4t ij 2 / U eff in the limit of strong correlations U eff ӷ t ij at half filling which is well fulfilled for Cu 2 ͑PO 3 ͒ 2 CH 2 .
Applying U eff = 4.5 eV ͑Ref. 41͒ we obtain J 1a AFM = 9.5 meV and J 1b AFM = 7.5 meV for the leading couplings along the chains. To simplify the picture further, for the smaller, frustrating interchain couplings an averaged coupling J Ќ AFM ϳ 1 meV can be introduced ͑see FIG. 8. ͑Color online͒ Top: calculated band structure and characters of Cu-O dp states. Strong hybridization at the lower end of the dp band complex caused by the distortion of plaquettes. Bottom: calculated band structure in comparison with the bands derived from Wannier functions. Although the TB model provides considerable microscopic insight into the coupling regime, one should be aware that its further mapping onto a Heisenberg model yields only the AFM part of the exchange integrals. This is especially important for Cu-O-Cu bonds close to 90°that are present in our compound inside the structural dimers. According to the Goodenough-Kanamori-Anderson rules, 42 a sizable FM contribution J 1a FM to the total intradimer exchange J 1a ͑see Fig.  10͒ can be expected.
Band-structure calculations-LSDA+ U
Based on the knowledge of the short-range character of the leading interactions in Cu 2 ͑PO 3 ͒ 2 CH 2 , we carried out LSDA+ U calculations for supercells with different spin arrangements. Mapping the total energies of these supercells onto a Heisenberg model we can estimate total exchange integrals including both ferromagnetic and antiferromagnetic contributions. Different magnetic solutions have been obtained from self-consistent calculations choosing different initial spin configurations. As result, we find J 1a ϳ 0.5 meV and J 1b ϳ 6 meV for U d = 7.5 eV. This underlines the relevance of FM contributions to the intradimer exchange ͑J 1a FM ϳ −9 meV͒, whereas for the interdimer exchanges J 1b and J Ќ FM contributions are of minor importance ͑J 1b FM ϳ −1.5 meV͒. From the LDA+ U calculations we estimate an average ͑effective͒ coupling J Ќ = 1 meV between the dimer chains 43 in agreement with J Ќ AFM ϳ 1 meV from the TBbased results.
From these results a rather surprising picture arises: the compound can be understood as a system of interacting AFM dimers, but the magnetic and structural dimers do not coincide ͑compare Figs. 1 and 10͒ . In addition, the weaker interdimer coupling between the chains will be frustrated ͑see Fig. 10 , triangles in the right panel͒. The change in the appropriate magnetic model using a TB-based approach ͑only͒ and combining it with LSDA+ U results emphasizes the importance of the combined approach, since otherwise contradicting results can be obtained for this type of systems. 15, 16, 40 Besides in the LDA and LSDA+ U results, the effect of the orbital mixing is also reflected in a large experimentally measured EFG.
Calculation of the EFG
As reported in Sec. III C, in comparison to NQR frequencies of other known cuprates, the quadrupole frequency of 63,65 Cu in Cu 2 ͑PO 3 ͒ 2 CH 2 is very large. Since the quadrupole frequency is determined by a product of the nuclear quadrupole moment Q and the electric field gradient V zz , it is the latter that is responsible for the large frequency in this compound. To study the EFG, we performed EFG calculations on Cu 2 ͑PO 3 ͒ 2 CH 2 with the observed strongly distorted, edgeshared CuO 4 plaquettes and artificially flattened edge-shared CuO 4 plaquettes. As it was reported earlier in this section, LDA calculations underestimate the strong Cu 3d correlation. This does not only affect the metallic-insulating behavior but also the EFG: as LDA results in a too small polarization of the different Cu 3d orbitals, the EFG for such strongly correlated systems within LDA yields values that are, in general, underestimated. 25 This is also observed here, The LSDA+ U approach can improve the description of the correlated orbital. Its occupation becomes more polarized and the absolute value of the EFG increases, as it can be seen in Fig. 11 . Values of U between 3.5 and 5.5 eV yield a good agreement of the measured V zz and the calculated one. This is in agreement with band-structure calculations performed for other cuprates. There is a basically constant shift 45 in U for a series of low-dimensional Cu 2+ systems: the value of U needed to describe the EFG correctly is about 2 eV smaller than the value of U needed to describe the ͑nearest-neighbor͒ exchange integral J correctly. 25 The strong local distortion is not only in line with the large EFG but also with a large asymmetry parameter , ͑0 Յ Յ 1͒, which essentially does not change for the physically relevant range of U ͑inset of Fig. 11͒ . The calculated, rather large EFG naturally raises the question about the underlying origin with respect to the crystal structure, especially the local Cu environment. Since the EFG is mostly determined by the site symmetry and the distance to the nearest-neighbor atoms, we investigated to what extent the EFG depends on the strong distortion of the plaquettes and their linking. For that purpose we calculated several fictitious structures with different local Cu environments as well as closely related structures of real Cu 2+ systems. However, an unambiguous assignment of the size of the EFG to a single structural characteristic seems to be impossible. Our preliminary results indicate that ͑i͒ the distortion of the plaquettes, ͑ii͒ their linking ͑edge-shared, corner-shared, or isolated plaquettes͒, and ͑iii͒ the dimensionality of the network have comparable impact on the size of the EFG. A detailed study will be presented elsewhere.
To complete our computational analysis, we return to the experimental temperature dependence of the magnetic susceptibility ͑T͒. Despite the evidence of a gapped magnetic excitation spectrum, the experimental curve ͑T͒ is poorly described by the isolated dimer model 47 with only one exchange parameter J 1b = 5.5 meV ͑see Fig. 12 , dotted line͒. In addition, the obtained fit yields g = 1.60 corresponding to eff = 1.38 B per Cu 2+ atom, considerably smaller than the expected ͑pure spin͒ contribution 1.73 B .
In order to get better agreement with the experimental susceptibility curve, we consider a coupling between the dimers, i.e., the coupling inside a structural dimer ͑J 1a ͒, resulting in a description of the system as an alternating Heisenberg chain ͑AHC͒. For this model, the best fit to the experimental data is obtained 48 for J 1b = 6.7 meV and the alternation ratio J 1a / J 1b ϳ 0.7. Besides a considerable improvement of the fit ͑see Fig. 12 , dash-dotted line͒, the resulting g = 2.01 seems more appropriate compared to the too small g value obtained from the isolated dimer fit.
The microscopic model evidences the presence of considerable interchain couplings. Thus, we performed the simulations of magnetic behavior for a cluster of coupled AHC using QMC. As a result, the small effective interchain coupling J Ќ ϳ 0.1J 1b ͑J 1b = 6.86 meV͒ leads to a further improvement of the fit to the magnetic susceptibility ͑Fig. 12, dash dotted line with "+" signs͒. The resulting g-factor ͑g = 2.10͒ has a rather typical value for cuprates, justifying the fit.
At this point, we turn to the analysis of the high-field magnetization curve, measured at 1.5 K and shown in Fig.  13 . In low fields ͑ 0 H Ͻ 17.5 T͒ Cu 2 ͑PO 3 ͒ 2 CH 2 resides in the singlet ground state with zero magnetization. In this field region the experimental data are dominated by paramagnetic impurities. This can be seen in a linear field dependence of the magnetization followed by a gradual crossover to saturation M S imp at approximately 5 T. At the critical field 0 H = 17.5 T the spin gap closes and the magnetization increases monotonically, without any sign of saturation or plateau up to 60 T for this temperature. The experimental value of the critical field 0 H = 17.5 T and g = 2.10 from the ͑T͒ fit, yield the spin gap ⌬ M͑H͒ = 25 K in perfect agreement with the NQR value ⌬63 ͑1 / T 1 ͒ = 24 K.
As the saturation field exceeds the highest experimentally accessible field, the normalized magnetization M / M S can be estimated only by using the low-field data as reference. However, the direct mapping of the 60 T curve to the lowfield ͑SQUID͒ data is hampered due to a considerable hysteresis of the 60 T curve in the overlapping region up to 0 H = 9 T. This hysteresis is related to the technique of high-field measurements, and, in principle, could be suppressed by lowering the maximal magnetic field of the pulses. Unfortunately, in case of Cu 2 ͑PO 3 ͒ 2 CH 2 such a calibration procedure was not successful. 49 Therefore, we simulate the M / M S behavior at 1.5 K of an isolated dimer, an AHC, and coupled AHC, using the parameters from the fits to the magnetic susceptibility, namely, the exchange integrals and g-factors, and compare the resulting theoretical curves with the experimental data ͑Fig. 13͒.
The isolated dimer model ͑dotted line͒ clearly fails to describe the experimental data. The AHC model ͑dash dotted ͑Color online͒ Fits ͑lines͒ to the experimental magnetic susceptibility ͑circles, only one of each five measured points is shown͒ using different models: isolated dimers, alternating Heisenberg chains, and coupled alternating Heisenberg chains. All fits include the temperature-independent term 0 and the impurity contribution C / T. Inset: normalized values fit / exp ͑yield 1 for an ideal fit͒ are shown to underscore the difference between the fits. 13 . ͑Color online͒ High-field magnetization curve M͑H͒ for Cu 2 ͑PO 3 ͒ 2 CH 2 ͑circles͒. Theoretical magnetization curves for the isolated dimer, the alternating chain and the coupled alternating chains models. The parameters were taken from the fits to the magnetic susceptibility ͑Fig. 12͒. To account for paramagnetic impurities, the theoretical curves were vertically shifted by M S imp , defined as the magnetization at 17 T.
curve͒ provides the correct slope, but considerably overestimates the spin gap yielding a significant deviation from the experimental data in the region 0 H = 17.5-35 T ͑inset of Fig. 13͒ . On contrary, the coupled AHC model yields a good description of the experimental curve especially in vicinity of the spin gap. Note, that the deviations between 55 and 60 T are related to larger error bars in the experimental values for M͑H͒. 50 As a check of consistency, we estimate the spin gap ⌬ AHC using the formula for the AHC model given without any interchain couplings by ⌬ AHC Ϸ 2␦ 3/4 J, where ␦ = ͑J 1b − J 1a ͒ / ͑J 1b + J 1a ͒ and J = ͑J 1b + J 1a ͒ / 2 ͑see Refs. 51 and 52 for details͒. The resulting ⌬ AHC Ϸ 37 K is considerably closer to the estimates from the high-field measurements ͑⌬ M͑H͒ = 25 K͒ and the temperature dependence of the spin-latticerelaxation rate ͑⌬63 ͑1 / T 1 ͒ = 24 K͒, than the isolated dimer value of ⌬ dimer Ϸ 64 K. The agreement can be further improved by taking the interchain coupling into account, as can be seen in the inset of Fig. 13 .
Despite the good agreement between the experimental and calculated magnetic susceptibility for the model of effectively coupled alternating Heisenberg chains, the alternation parameter J 1a / J 1b obtained from the fit ͑ϳ0.7͒ is significantly larger compared to the results of the DFT calculations ͑ϳ0.1͒. This discrepancy has likely two origins: ͑i͒ the minimal character of the suggested model itself with respect to one effective interchain coupling, only and ͑ii͒ the neglect of the frustrating nature of the interchain coupling to keep the model simple and treatable for the QMC techniques. Moreover, the scaling of the experimental high-field magnetization curves could be performed only within an imperfect calibration procedure, which decreases the accuracy of the obtained parameters further. Our preliminary results indicate a rather strong influence of the interchain coupling on the spin-gap size, the saturation field and the slope of the M͑H͒ curve. Therefore, a more detailed and rigorous analysis of the interchain couplings should be carried out in future studies to further improve the description.
In conclusion, the suggested minimal microscopic model of coupled alternating Heisenberg chains based on bandstructure calculations and quantum Monte Carlo simulations leads to a consistent description of the macroscopic magnetic behavior.
IV. SUMMARY AND CONCLUSIONS
In the present joint theoretical and experimental investigation we have demonstrated that the spin 1/2 system Cu 2 ͑PO 3 ͒ 2 CH 2 can be described in good approximation as coupled alternating antiferromagnetic Heisenberg chains. Although the structural Cu 2 O 6 dimers present in this compound may on first glance suggest a strong magnetic interaction within these dimers, our study can consistently assign the leading exchange to an antiferromagnetic interdimer coupling. The reliability of the suggested unexpected scenario is based on a variety of independent experimental and theoretical methods: ͑i͒ magnetic susceptibility, ͑ii͒ specific-heat, ͑iii͒ NMR, ͑iv͒ NQR, and ͑v͒ high-field magnetization measurements that are accompanied by ͑vi͒ density-functional band-structure calculations and ͑vii͒ quantum Monte Carlo simulations to provide microscopic insight into the origin of the magnetic interactions.
Although magnetic susceptibility and specific-heat measurements c p clearly evidence a spin gap, a simple dimer model is not appropriate to describe the data with reasonable accuracy. In addition, the obtained parameters are incompatible with usual Cu 2+ magnetism. Since the temperature dependence of the measured Knight shift K is in very good agreement with the data ͑above about 10 K͒, the deviation of the dimer fit from the experimental data cannot be assigned to impurities or a foreign phase. Thus, stimulated by the chainlike features in the crystal structure, the simple dimer model was extended by an additional coupling resulting in an alternating Heisenberg chain model. A corresponding fit using this AHC model led to a considerable improvement, resulting in a spin gap of about 30 K, slightly depending on the method of its evaluation. NQR measurements of the spin lattice relaxation time exhibit an activationlaw behavior that can be described with a spin gap of about 24 K in very good agreement with the above-mentioned value. The evaluated 63,65 Cu quadrupole frequencies are unusually high compared with typical values for other cuprate compounds.
To challenge the suggested model and to get microscopic insight into the main magnetic interaction paths, densityfunctional band-structure calculations were carried out. The combination of a tight-binding model based on Wannier functions for the relevant antibonding bands with LSDA + U total-energy calculations for supercells with different spin arrangements leads consistently to an AHC model. However, the DFT calculations result in sizable, frustrated couplings between the alternating chains. For the sake of simplicity of the corresponding magnetic model, these individual couplings are represented by an effective frustrating interchain exchange that is about 5 times smaller than the leading coupling along the chains. Surprisingly, this leading antiferromagnetic exchange corresponds to the coupling between the structural Cu 2 O 6 dimers. The coupling within these dimers is strongly reduced due to sizable ferromagnetic contributions. Our findings underline again the impending danger to obtain an inappropriate magnetic model based on over-simplified structural considerations, i.e., regarding interatomic distances, only. The reliability of our first-principles calculations is supported by the theoretically evaluated electric field gradient which is in good agreement with the measured quadrupole frequency.
Our study is completed by quantum Monte Carlo simulations that are in line with the proposed model of coupled alternating chains. Simulating the high-field magnetization curve using QMC calculations, we demonstrated that the suggested interchain coupling leads to a considerable improvement with respect to the measured data, especially in the vicinity of the spin gap.
In conclusion, the reported study of Cu 2 ͑PO 3 ͒ 2 CH 2 finds a spin singlet ground state and consistently describes it by a model of coupled alternating Heisenberg chains. To get further insight into the complex interplay of structural features and the magnetic properties of this compound, single-crystal measurements and low-temperature structural investigations, especially regarding the coalescence of the two 31 P NMR lines below 10 K, are highly desirable. In particular, our approach underlines that the assignment of the proper magnetic model can largely benefit from the combination of various experimental techniques with a detailed microscopic analysis based on modern band-structure theory.
